Bragg peak (known as rocking curves), 25, 34 requiring that high SNR diffraction data be 108 collected for all angles at each probe position. 3D reconstruction algorithms require that 109 scan positions be commensurate at every diffraction angle to within a few percent of the 110 beam diameter, a requirement that is highly challenging with state-of-the-art hard x-ray 111 focusing optics that produce focii of <100 nm and operate in fly-scan mode. 35, 36 Alternatively, 112 methods such as Bragg projection ptychography (BPP and 3DBPP) have been developed 113 that only require a single angle measurement. Scanning Bragg nanodiffraction data at a 114 single-angle can then be inverted into 2D 37 and 3D 24 images of lattice structure within a 115 material. However, single-angle 3D BPP requires high diffraction angles (>∼ 60 • ) that can 116 be difficult to reach experimentally and at which Bragg peaks scatter more weakly. 117 We address these challenges by utilizing a generalized 3D multi-angle Bragg projection 118 ptychography approach, which is described in more detail in the Algorithm Description 119 section. maBPP relaxes experimental constraints such that a set of coherent diffraction in-120 tensity patterns measured at arbitrary angles and positions can be incorporated into a single 121 3D reconstruction, without requiring any position registration. Specifically, we implement 122 maBPP by adapting the Ptychographic Iterative Engine (PIE), 26 a phase retrieval algorithm 123 shown to be well suited for ptychographic imaging. 124 In 0.86 Ga 0.14 As nanowires with diameters of 100-200 nm were grown by catalyst-free molec- are the initial and final scattering vectors for the jth angle away from θ Br , defined by the momentum transfer q j , Q θ j away from G. (d) The reciprocal space lattice in the radial plane of the nanowire (cyan and red points) and a schematic of the facets of the InGaAs nanowire studied (yellow hexagon). The family of 2110 peaks of the WZ lattice correspond to the 202 family of peaks in the ZB structure, and they are sensitive to lattice strain fields within the nanowire. The 0110 peaks have no analog in the cubic ZB structure. These peaks are sensitive to stacking faults in the WZ phase as well as a component of lattice strain. Bragg ptychography nanodiffraction area raster scans were performed on the same nanowire at the 2110 and 0110 Bragg peaks and reconstructed into complementary 3D images.
ning electron microscopy (SEM), prior to x-ray investigations. The SEM characterization 135 revealed that each nanowire was fixed to the substrate with an a-plane (2110) facet parallel 136 to the Si surface. (We adopt hexagonal four-index notation in this work consistent with the 137 hexagonal WZ crystal structure.) Figure 1 Then fine-stepped raster scans (step size ∼ 25 nm) were used for Bragg ptychography data 167 in specific regions of the wire. We note that we did not attempt to register probe scan 168 positions as a function of angle, as this would be impractically difficult for a 50 nm beam.
169
This emphasizes the need for the new maBPP approach, which allows for incommensurate 170 positions to be incorporated into the phase retrieval.
171
The two Bragg peak measurements in this study were chosen to image different types 172 of lattice structure in the InGaAs nanowires via the sensitivity of the Bragg structure fac-173 tor. As illustrated in Figure 1 light their sensitivity to different local structure in the nanowire. Figure 2 which is extracted by mapping the 2110 peak center of mass along q y . From these maps, 210 we found that the Bragg peak angle varied by ± ∼ 1.0 • from the mean in θ, indicating that 211 the nanowire lattice is twisted along its growth axis. Variations of up to ± ∼ 0.2 • from the 212 mean in χ also indicate a bending of the nanowire. We note that all nanowires examined 213 showed bending and twisting of a similar magnitude that could arise either during growth 214 or during transfer to the Si membrane substrate. Regardless, the above analysis provides a 215 micron-scale view of the lattice structure that would be useful for monitoring, for example, 216 strain within functioning nanowire devices, and from which one can "zoom in" to specific 217 regions of interest with ptychography.
218
Further analysis based on the maBPP approach enables reconstruction of a higher-219 11 resolution 3D image of strain, and furthermore, provides a means to invert the more com-220 plicated speckle patterns measured at the 0110 Bragg peak into 3D real space images. The Figure 3b . We take this 243 value to be the strain sensitivity limit of this particular measurement, and we note that Figure S1 ).
246
Further, the breadth of strain variations is comparable to strain variations expected from 247 random alloy fluctuations assuming a binomial distribution of group III elements on group 248 III sites (see SI Figure S2 ). Therefore, we do not expect significant perturbations of the 249 band structure from any long-range strain variations present in these nanowires.
250
Finally, we note that an isotropic spatial resolution of ∼50 nm in x, y, and z was estimated to map lattice variations and strain across length scales from a few microns to a few tens stacking faults via maBPP (see Figure 4 (c-f)).
288
However, in this particular NW, stacking defects can only be reliably characterized over a (Recon 1,2) are compared for the region denoted in Figure 4(b) . Line-outs 314 from this region (4(c,d)) reproduce well, and a strong correlation is seen for all voxels in the 315 volume bounded by planes parallel to the dotted lines (4(e,f)). Within this field of view we 316 can identify ∼10 WZ stacking fault boundaries that result in [−2π/3, 0, 2π/3] phase values.
317
The amplitude in this reconstruction is sensitive to ZB phase, but because the ZB inclusions 318 are expected to persist over very small distances (< 1 nm), they will be under-resolved in 319 this image. Given the observation of realistic features expected for these nanowires 38 on the 320 scale as small as 2 pixels, we conservatively estimate an upper bound resolution along the 321 wire axis of 2.6 nm (2× pixel size). (SI Figure S3 shows reconstructions from simulations 322 of a lower stacking fault density nanowire in which this spatial resolution estimate is more 323 clearly demonstrated.) We note that many if not most III-As nanowires can be grown with 324 a much lower density of stacking defects than the nanowire imaged here, suggesting that 325 the maBPP methodology can be usefully applied to correlate defect density and electronic 326 properties in many nanowire systems of interest. Finally, as in the 2110 reconstruction, the 327 average resolution along the x and z directions was found to be ∼50 nm consistent with 328 the limited angular extent of scattering along q x and q z . As is in any ptychography exper-329 iments, improvements in resolution can be obtained with improved signal-to-noise ratios of 330 the diffraction signal, especially in regions that extend beyond the beam-limited annulus in 331 reciprocal space.
332
In conclusion, we demonstrated the ability to image a single InGaAs nanowire on many 333 length scales with sensitivity to multiple nanoscale lattice features. In analyzing and recon-334 structing diffraction patterns from the 2110 Bragg peak, we found that the lattice orientation 335 varied along the length of the wire at micron length scales and that the strain field along the 336 wire cross-section was largely unaffected by this long range lattice rotation. Using diffraction 337 patterns measured from the same wire at the 0110 Bragg peak, we could reproducibly re-338 construct images of stacking defects. This reconstruction evidenced sharp planar boundaries 339 between different crystal phases of WZ structure, as expected. In both cases, phase retrieval ptychography data set for a given field of view comprises of j = 1 · · · J two-dimensional 365 coherent diffraction intensity patterns I j measured as a function of different probe positions 366 (r j ) at various angles relative to the Bragg peak (θ j ).
367
Each of these intensity patterns is the squared modulus of the diffracted wave field at the 368 detector, I j = |ψ j | 2 . The quantity ψ j can be generally expressed in a maBPP experiment as:
Here, P r j is the 3D wave field of the focused x-ray probe positioned to illuminate the crystal Figure 1(a) . The diameter of the support for the 2110 and 0110 reconstructions 386 was, respectively, 180% and 130% of the nominal wire diameter.
